Local hemodynamic information may help to stratify rupture risk of cerebral aneurysms. Patient-specific modeling of cerebral hemodynamics requires accurate data on BFV in perianeurysmal arteries as boundary conditions for CFD. The aim was to compare the BFV measured with PC-MR imaging with that obtained by using intra-arterial Doppler sonography and to determine interpatient variation in intracranial BFV.
A cute rupture of a cerebral aneurysm resulting in SAH can be a devastating event associated with high mortality and morbidity. 1 The International Study of Unruptured Intracranial Aneurysms recommended preventive treatment of unruptured aneurysms if located in the posterior circulation or if Ͼ7 mm in diameter and located in the anterior circulation. 2 Reported data on ruptured aneurysms indicate, however, that many of these are small, measuring between 3 and 7 mm. 3 Why some aneurysms rupture and others do not remains one of the major uncertainties in the management of intracranial aneurysms. The abiding uncertainty on the importance of aneurysm size requires better rupture risk assessment.
Hemodynamic parameters such as inflow jet size, impingement zone, and wall shear stress have all been suggested as contributing to intracranial aneurysm growth and rupture. 4 CFD applied in aneurysms and surrounding vessels can predict local hemodynamics. 4, 5 Currently, non-patient-specific inflow boundary conditions in CFD are applied, mostly because patient-specific BFV measurements during imaging remain difficult to collect. 6 The use of non-patient-specific boundary conditions has hampered the study of hemodynamics in intracranial aneurysms. Reliable patient-specific boundary conditions for CFD in patients with both ruptured and unruptured aneurysms are needed to predict local hemodynamics more accurately in intracranial aneurysms. 6, 7 Accurate BFV measurements in the perianeurysmal arteries in the circle of Willis are difficult to obtain, because the skull and the tortuosity of the arteries impede conventional methodologies, such as TCD. Making use of phase-contrast MR imaging enables BFV measurement at targeted arterial locations, provided that the resolution is sufficiently high. [8] [9] [10] Furthermore, BFV measurements in cerebral arteries can also be performed by using an intra-arterial Doppler sensormounted wire. 11, 12 The Doppler sensor-mounted wire (ComboWire; Volcano Corporation, Rancho Cordova, California) has been validated in coronary stenosis evaluation during cardiovascular interventions. 13 Measurements with the ComboWire can be performed during the endovascular treatment of intracranial aneurysms, even in patients with ruptured aneurysms. 12 In these acutely ill patients, PC-MR imaging measurements are usually not feasible. Therefore, patient-specific flow measurements can be acquired, both for the ruptured as well as for the unruptured aneurysms to improve inflowboundary conditions for CFD modeling.
The aim of this study was to compare the BFV measured with PC-MR imaging in conscious patients with that obtained by using an intra-arterial Doppler sensor wire and to determine interpatient variation in patients with unruptured intracranial aneurysms.
Materials and Methods

Patient Selection
Patients scheduled for endovascular treatment of an unruptured cerebral aneurysm between January 2008 and July 2010 were included if older than 18 and younger than 70 years of age. Patients with contraindications for MR imaging on 3T were excluded. Because of our limited experience with the ComboWire in cerebral vessels, patients with any history of vasospasm, aneurysm rupture, relevant comorbidity, or complex aneurysm geometry were also excluded. The institutional review board approved the study protocol, and written informed consent was obtained from all participants.
Phase-Contrast MR Imaging BFV measurements
Within 2 weeks before endovascular aneurysm treatment, patients underwent PC-MR imaging BFV measurement. MR images were acquired on a 3T MR imaging scanner (Intera; Phillips Healthcare, Best, the Netherlands) equipped with a sensitivity encoding 8-channel head-receive coil. The PC-MR imaging scan sequence parameters were the following: 0.65 ϫ 0.65 mm; section thickness, 3 mm; TE/TR, 2.8/5.6 ms; flip angle, 15°; NSA (number of signal averages), 2; velocity-encoding, 60 -100 cm/s; sensitivity encoding factor, 3; Ͻ36 cardiac phases; and retrospective cardiac gating. Scan duration including anatomic sequences was approximately 35 minutes. All measurements were obtained at the cavernous ICA.
Through-plane velocity was measured in a section perpendicular to the artery of interest. The acquired fast-field echo images, showing anatomic structures, and phase images, containing velocity information, were combined and analyzed by using custom-built software in Matlab (MathWorks, Natick, Massachusetts).
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Intra-Arterial BFV Measurements
Intra-arterial BFV was measured with the use of a sensor wire (ComboWire) mounted with a 100-Hz Doppler sensor at the tip and connected to a personal computer (ComboMap system). 12 The maximal velocity was measured and recorded in a cone-shaped envelope approximately 5 mm from sensor to base at 100 Hz and was stored at 200
Hz after interpolation. The ComboWire sampled in 1 place, for approximately 30 seconds or ϳ30 cardiac cycles.
Anesthesia and Intervention
The neurointerventional procedures were performed with the patient under general anesthesia. Choice of anesthetic was independent of the research protocol and was determined by the attending anesthesiologist. The anesthetics applied were either continuous inhalation of sevoflurane (group S) or intravenously administered propofol targetcontrolled infusion (group P). During the intervention, the end-tidal CO 2 pressure was monitored. Navigation to the cranial arteries was performed following normal interventional procedures, by using fluoroscopy in combination with a standard guidewire and guiding catheter. A 7F sheath was placed in the right femoral artery, followed by placement of a 6F guiding catheter in the cervical ICA. A microguidewire with a microcatheter was placed in the vertical portion of the cavernous segment of the internal carotid artery through the guiding catheter. The standard microguidewire was then replaced by the ComboWire, which has a slightly more rigid design compared with standard microguidewires and therefore is never used as a navigational device. Minute maneuvering was sometimes needed for the ComboWire to derive the optimal velocity signal, matched with the location of the PC-MR imaging measurements (Fig 1) .
The measurement was considered successful when the signal showed a clear systolic-diastolic pattern for at least 30 seconds. The cross-sectional area of a ComboWire is 0.1 mm 2 , approximately 0.5% of the cross-sectional area of a 5-mm-diameter vessel. No adverse effects, such as vasospasm or thromboembolic events, were encountered while using the ComboWire in intracranial arteries.
Data Analysis
The PC-MR imaging measurements contain BFV data in every voxel in a section perpendicular to the vessel in 20 -36 time-steps of a cardiac cycle (On-line Fig 1) . The PC-MR imaging data had to be downsampled to 20 time-steps in 2 patients. Lumen segmentation was performed in the fast-field echo images by using a level-set evolution algorithm. 15 Only the voxel with the maximal velocity per time-step was used because the Doppler echo acquisition of BFV with the ComboWire only records the maximal BFV. The data obtained with the ComboWire were averaged in an ensemble average by using the Rpeak of the electrocardiogram to match the acquired cardiac cycles and to calculate a per-point average.
The ComboWire data consist of approximately 200 recorded time-steps in 1 cardiac cycle, which were averaged to 20 time-steps for each cardiac cycle, to match PC-MR imaging data (On-line Fig 1) .
All the PC-MR imaging BFV and ComboWire BFV data were measured in centimeters per second. A Mann-Whitney test was used to calculate differences between groups. Modalities were compared by using a paired t test. A P value Ͻ.05 was considered statistically significant. The level of agreement between ComboWire measurements with the different anesthesia schemes with the PC-MR imaging measurements was visualized by using Bland-Altman plots.
Results
Patient and Aneurysm Characteristics
Ten patients (6 women) with an unruptured aneurysm were included, with an average age of 54 years (range, 31-70 years). The aneurysms were located at the ophthalmic artery (n ϭ 6), posterior communicating artery (n ϭ 2), middle cerebral artery (n ϭ 1), and the carotid terminus (n ϭ 1). The aneurysm size ranged from 3 to 22 mm. Four patients received sevoflurane, and 6 received propofol. Group P had a mean end-tidal CO 2 pressure of 32 mm Hg compared with 38 mm Hg in group S.
Velocity Measurements
Both the PC-MR imaging and the Doppler sonography recordings demonstrated a pulsatile blood flow pattern in all 10 patients (On-line Fig 2) . The evident interpatient variation in BFV between patients was measured with both modalities and was independent from the type of anesthetic (On-line Fig 2) . The maximal measured PSV with PC-MR imaging was 93 cm/s, and the minimal measured PSV was 44 cm/s. The minimal and maximal PSVs measured with the ComboWire for group S were, respectively, 46 cm/s and 87 cm/s; and for group P, respectively, 21 cm/s and 96 cm/s.
For the total group of patients, when comparing PC-MR imaging and ComboWire, the mean BFV and PSV differed by 5.7 cm/s (P ϭ .26) and by 6.5 cm/s (P ϭ .36), respectively (Table) .
PC-MR imaging measurements in conscious nonanesthetized patients showed no significant difference (P ϭ .22) between groups S and P (On-line Fig 3A) . In contrast, under anesthesia, group S showed mean BFV values that were 15.6 cm/s (P Ͻ .0001) higher than those in group P, when measured with the ComboWire (On-line Fig 3B) .
If the patients are separated for the type of anesthetic used during the ComboWire measurements, the patients who received sevoflurane (group S) showed higher velocities during ComboWire measurements than patients who received propofol (group P). In group S, the PC-MR imaging mean BFV measurements were 5.8 cm/s (P Ͻ .0001) lower than the ComboWire measurements (On-line Fig 4A) . In group P, the mean BFV PC-MR imaging measurements were 13.5 cm/s (P Ͻ .0001) higher than the ComboWire measurements (Online Fig 4B and the Table) . The PSV values for patients in group S were 8.2 cm/s higher with the ComboWire, whereas these values were 16.3 cm/s below the PC-MR imaging values measured for group P.
The Bland-Altman plots showed that in group P, the differences in measured BFV values between modalities were more evident than those measured in group S (Fig 2) .
Discussion
In this study, we measured profound interpatient differences in PSV and mean BFV in the cavernous segment of the ICA. The large differences between patients were measured with both PC-MR imaging and the ComboWire and thus independent of the technique used. These large differences show that accurate patient-specific CFD simulations require accurate measurements of patient-specific inflow boundaries. 6 Accurate data of local hemodynamics in unruptured aneurysms are valuable because they can provide more insight into aneurysm rupture risk. 4, 16, 17 PC-MR imaging can supply data on local hemodynamics in patients with unruptured aneurysms in a noninvasive manner. Our data show that PC-MR imaging and ComboWire measurements in the same patient are within acceptable ranges for providing patient-specific inflow boundaries for CFD simulations. Consequently, ComboWire measurements can be used during endovascular treatment of the acutely ill patient with a ruptured aneurysm in whom the use of PC-MR imaging is usually not feasible.
Both PC-MR imaging and the ComboWire were able to acquire a pulsatile flow-velocity pattern throughout the cardiac cycle. The slightly higher BFV values with PC-MR imaging versus ComboWire BFV measurements may be attributed to anesthesia. A reduction in ComboWire measured cerebral BFV in patients who received propofol contrasted with the maintained cerebral BFV in patients receiving sevoflurane. Nevertheless, both techniques were applicable for measuring intracranial flow. For patients with unruptured aneurysms, PC-MR imaging can supply data on local hemodynamics in a noninvasive manner. Deriving PC-MR imaging on local hemodynamics is more difficult in patients with ruptured aneurysms. Under those circumstances, the ComboWire may provide BFV as well as locally measured intracranial arterial pressure in and around cerebral aneurysms. 12 Patient-specific velocity values are essential for the correct calculation of flow-dependent parameters in CFD. Local wall shear stress is calculated with the BFV near the vessel wall; a change in magnitude of the BFV will affect the magnitude of the wall shear stress. Previous research showed that the flow rate can vary up to 25% without a substantial difference in flow patterns and impingement zones. 18 In this study, the maximal interpatient difference in PC-MR imaging-determined BFV was more than 2-fold, consistent with conclusions from Venugopal et al, 6 supporting the belief that patient-specific boundary conditions should be used in CFD research.
A limitation of the use of an intra-arterial Doppler sensor is that adequate flow signals are sometimes difficult to acquire by using a flexible wire with a velocity sensor in the tip. In our study, the neuroradiologist maneuvered the wire until a clear diastolic-systolic signal was shown. The need for maneuvering the wire shows that it is theoretically possible that the wire could be in a suboptimal position for picking up the main flow signal. It is possible that the ComboWire measures flow in the inner curve of a curved artery, while the main flow is situated in the outer curve. However, measurements were only scored when a clear and optimal signal was obtained during the intervention, by using fluoroscopy as a visual control. Hence, we think the chance of measuring flow other than the main flow is negligible.
A second limitation is that due to the large number of data points, the ComboWire data can be slightly under-or overestimated as a consequence of data processing. The ComboWire and ComboMap system sample the measured data at a rate of 200 Hz, recording consecutive systolic-diastolic velocity curves. This series of curves is processed by using an ensemble average. The use of an ensemble average smooths the curve, in contrast to the velocity curve obtained with PC-MR imaging, which has not been smoothed. As a consequence, intrapatient differences can be slightly altered; the intrapatient differences are increased if the ComboWire measurements are, on average, lower than the PC-MR imaging measurements and are decreased if the ComboWire measurements are, on average, higher than the PC-MR imaging measurements. Subjects have physiologic variations in cerebral BFV during the day; depending on activity, this could have had an effect on our measurements and subsequently on the reported inter-and intrapatient variability. However, because all measurements were performed under similar circumstances, we believe that the profound interpatient differences in BFV are due to interpatient variability rather than to physiologic variance.
Previous studies have shown that PC-MR imaging underestimates the peak systolic velocity by 4%-35% compared with TCD. [19] [20] [21] We measured a 12.4% underestimation of PSV with PC-MR imaging compared with the ComboWire in group S, which is in line with these TCD data. On the contrary, PC-MR imaging measurements in group P were higher than those with the ComboWire, which should be attributed to the use of propofol as an anesthetic. The overall lower velocities measured with PC-MR imaging can be the result of the lower spatial and temporal resolution of PC-MR imaging compared with Doppler echo-based techniques. [19] [20] [21] [22] Anesthesia during the endovascular intracranial procedures affects CBF and cerebral BFV. 23 The finding of a lower cerebral BFV with propofol versus sevoflurane is related to the reduction of cerebral metabolism and CBF/cerebral BFV by propofol. 23, 24 Moreover, cerebral BFV measurements of sevoflurane-anesthetized patients showed a much better agreement with the PC-MR imaging measurements, compared with propofol-anesthetized patients (Fig 2) . Cerebrovascular responses are modulated by alterations in PaCO 2 , with an increase in CBF when PaCO 2 increases and vice versa. 24, 25 In the supine position during anesthesia, measured end-tidal CO 2 pressure values are an adequate reflection of PaCO 2 . 26 To correct for the difference between groups S and P, we applied the values given by Eng et al (1992) , 24 in which the slope of the velocity increases by 1.5 cm/s per 1 mm Hg end-tidal CO 2 pressure. The mean velocity of group P increased by 9 cm/s to an average value of 38.3 cm/s, or 6.6 cm/s (15%) below the mean velocity in group S. Compared with the ComboWire measurements in group P, the mean BFV was 11% higher in the PC-MR imaging measurements.
Instead of patient-specific measurements, several researchers scaled the flow rate with the radius of the inflow artery to obtain a fixed mean wall shear stress and, consequently, impose a more patient-specific inflow boundary for CFD. 27 This method is based on the assumption that every patient has a similar mean wall shear stress in the parent artery of the aneurysm. Although this provides some correction for interpatient variation, direct patient-specific measurements remain preferable.
Evaluation of the flow rate and distribution in the efferent arteries will further increase the accuracy of the CFD simulations. In the future, the ComboWire could potentially be used to perform measurements in the A1 segment of the ACA or M1 segment of the MCA. However, performing measurements in even smaller efferent arteries requires additional manipulation, which may increase the risk of complications because the ComboWire is slightly more rigid than conventional guidewires.
Recent developments in the treatment of cerebral aneurysms include flow-diverting stents for modulation of intraaneurysmal hemodynamics. 28, 29 The hemodynamic effects of these stents have been evaluated by using CFD simulations with non-patient-specific boundary conditions. 30 Patientspecific input data in CFD modeling have the potential to provide an improved prediction of the hemodynamic changes and subsequent aneurysm occlusion following flow-diversion techniques. 
Conclusions
Results of PC-MR imaging and direct intra-arterial BFV measurements in the same patient are within an acceptable range for use as inflow-boundary conditions for CFD simulations. The marked interpatient variation warrants the use of patientspecific BFV values as boundary conditions for accurate CFD simulations in intracranial aneurysms.
